Abstract: A simple and intuitive manner for solving fluid-structure interaction problem has been developed using Microsoft Excel spreadsheets. By eliminating the need of previous knowledge of any programming language, the method appears as an interesting introduction to numerical solutions of partial differential equations, due to the direct and didactic way that it is developed. Proposed procedure enables the analysis of tridimensional geometries using the finite difference method and can be extended to other differential equations or boundary conditions. The author's objective in this paper is to develop a simple and reliable preliminary method for solving acoustic fluid-structure interaction problems with application to dam-reservoir interaction phenomena and also contribute in the educational growth for undergraduate students that are beginning research in such matter.
Introduction
 Seismic effects exert an important influence on major construction projects, such as dams, and its consideration has been taking importance in Brazil with the emergence of specific standards for earthquake-resistant design [1] . There are classical studies concerning the analytical assessment of dam-reservoir interactions, like Refs. [2] [3] [4] [5] . Westergaard [2] found the first solution for the hydrodynamic pressure on vertical rigid dams subjected to harmonic ground motion. This solution is valid only for excitation frequencies smaller than the fundamental natural frequency of the reservoir. In such case, the hydrodynamic effects can be represented by a virtual mass moving with the dam and having the same distribution as the actual hydrodynamic pressure. Chopra [3] extended Westergaard's solution to cover excitation frequencies greater than the first cut-off frenquency of the reservoir. The resulting response is a complex-valued function, so that the concept of added mass to represent the hydrodynamic effects cannot be applied for this range of excitation frequencies. Avilés and Li [4] developed a boundary method to take into account the viscosity and the compressibility of the water on dams with slopping faces.
The results obtained in Refs. [1] [2] [3] do not consider, however, the inclination of the reservoir or the inclination of the upstream slope and its corresponding effects on the hydrodynamic pressures. And except for a few articles [4, 5] , nothing has been done in this area lately. It is important to comment that despite the lack of interest of international literature, differences in the geometry of dam-reservoir structures cause a great difference in the distribution of hydrodynamic pressures at the face of the dam as it is shown in Refs. [4, 5] . Another problem still poorly explored by international literature concerns about the presence of cavities in the dam's upstream slope and its influence on hydrodynamic pressure distribution [6] . In other words, important considerations about common situations in daily dam engineering problems have not been explored in a satisfactorily manner due to dimension is a function of the discretization adopted by the user and whose unknowns are, precisely, the dynamic pressure in each point of interest. On the other hand, the resolution of those systems is closely related to a prior knowledge of any programming language or a CAS (computer algebra system), which in practice restricts even more the teaching and contextualization of fluid-structure interaction problems.
To overcome the limitations presented above, an intuitive approach to three dimensional fluid-structures interaction problems using a spreadsheet is proposed in this paper. In this procedure, the step of obtaining a system of linear equations is overcome, allowing the direct solution of dynamic pressures at points of interest, which are readily shown in the program's spreadsheet. A major advantage of this approach is the practical and objective way that a complex problem, such as obtaining the hydrodynamic pressure field for a dam with confinement of pressures on three dimensional cavities is solved. These results can be readily applied to structural piers or lock-gates in dam engineering problems.
By solving problems in three space dimensions through this simple routine, analyses in the time domain could also be solved without problems. That is, with the steps that follow, a wide range of problems in physics and engineering that involve partial differential equations become much more accessible for undergraduates and their approach, by teachers, could be greatly enriched.
2.
Governing Equations, Boundary Conditions and Exact Solution
Governing Equation
The study of the phenomena involving the propagation of waves in a solid elastic medium is based on the wave equation. The same reasoning can be applied to fluids under certain hypotheses. In the latter case, the equations that govern the behavior of this medium are given by:
Continuity equation:
Navier-Stokes equation:
State equation:
where,  is the fluid density, 
Applying the divergent in Eq. (4) and replacing the result in Eq. (5) reveals the following result:
Eq. (6) is exactly the wave equation, which allows calculating the pressure distribution in a linearly compressible, homogeneous, with small density variations and with small displacements. It should be noted that in Eq. (6) 
In the case of an incompressible fluid, in which c   , Eq. (6) reduces to the following expression:
Eq. (7) is known as Laplace's equation, governing the hydrodynamic pressure distribution in an incompressible fluid. This last expression will be used throughout this paper.
Development of Boundary Conditions
Having the equations that govern the hydrodynamic pressures in a fluid, the next step is given by development of the boundary conditions that govern the problem.
Fluid-Structure Interaction Condition
This boundary condition arises with the movement of a fluid mass attached to the structure. Consider Fig.  1 , which indicates a one-dimensional tube associated with a piston. Structural acceleration ( u ) occurs along the x axis and the pressure along a cross section is constant.
The dynamic equilibrium of horizontal forces on the fluid element hatched provides:
x F ma dp dA dx dA u This last equation results in: dp u dx
Generalization of Eq. (9) reveals: dp u dn
where,  is the fluid density and n  is the normal direction of the surface.
Rigid Wall Condition (Neumann Condition)
Since the contour is rigid, u  equals zero and, from
Eq. (10), we obtain: 0 dp dx  .
Free Surface Condition (Dirichlet Condition)
At the free surface, the domain is taken as undisturbed (neglecting free-surface waves effect), therefore p = 0.
Infinite Reservoir Condition
At infinity, the hydrodynamic pressure is considered as being zero, so p = 0.
Analytical Solution for a Vertical Dam in a Rectangular Reservoir-Pseudo Static Approach
With the governing equation and the boundary conditions of the problem defined, the next step is given by the development of the exact solution. The problem is greatly simplified with the assumptions of a rigid dam (leading to a constant acceleration along the fluid-structure interface) and an incompressible fluid. These considerations lead to the basic hypotheses of pseudo-static method [2, 7] . Fig. 2 provides a scheme of the domain and the corresponding boundary conditions.
The governing equation is given by Eq. (7), with p(x, y, z) assumed as separable. Furthermore, the boundary conditions on each direction are given by:
S2: 
S4:
where, H stands for the reservoir height (which is considered as equal to the vertical dimension of the dam) and L stands for the horizontal extension. Additionally, u  defines the horizontal acceleration of the monolith, assumed as constant along the dam's height.
It can be shown, using the method of separation of variables to find the expression for the given boundary conditions that ( , , ) p x y z assumes a series solution as follows:
where,
Eq. (18) is clearly independent of the z variable. Similar finding is also described by Rashed [8] . Therefore, the three-dimensional solution is exactly the same achieved for bidimensional geometry. In other words, Eq. (18) controls both problems in two and in three dimensions. Thus, the pressure in a line located at a height y from the base of the reservoir and spaced a distance x from the face of the dam are equal in all its points (Fig. 2 clarifies, Section A-A). The second order operator for the same point is given below:
Applying those concepts for the Laplace's equation and generalizing for the y and z axes, it provides:
2 2 2 0
Being (h, l and r) the increments to the x, y and z axes, respectively, Fig. 4 clarifies these concepts.
Solving Eq. (21) for P i,j,k and taking h = l = r (explicit scheme with equal increments):
Eq. (22) can be easily applied on a spreadsheet package allowing the evaluation of dynamic pressures at given point with dependence on adjacent values.
Step-by-Step Solution of the Finite Difference Scheme in a Spreadsheet
This article proposed a methodology that simplifies significantly the solution of fluid-structure interaction problems in three dimensions since, by such approach, there is no need to solve a system of linear equations. The proposed method consists in setting up a spreadsheet and its completion is given by the following steps:
(1) Imagine the domain (reservoir) as being a solid. Since this is a three-dimensional figure, the element discretization takes place in planes which in turn must be thought as a set of discrete points. Thus, longitudinal sections are taken in the figure and it is attributed a spreadsheet to each of these longitudinal slices (Fig. 5) . It should be noticed that the size of the spreadsheet and the number of the sheets required is a function of the desired discretization; (-1)
(2) Having set up the desired discretization and taking each spreadsheet as a longitudinal section, the user proceeds with the filling of boundary conditions at the edges of each plane (now viewed in two dimensions, as shown in Fig. 5b) ; (3) Fill out each cell of each worksheet as the average of its six neighbor cells, according to Eq. (22), being four of these in the spreadsheet itself and the two others in the spreadsheets immediately above and below this (Fig. 6 clarifies) . At this stage, it should be clear that all cells of the sheets of top and bottom ends are filled with the boundary conditions of the undisturbed surface (S4) and rigid wall (S2), respectively; (4) Drag the filled cell as in the previous step for the rest of the field (Fig. 7) and wait the processing of the worksheet to obtain the pressure at each point (cell). It should be noted that the processing time is a function of the maximum number of interactions selected by the user.
Application Example-Tridimensional Reservoir
A practical example of what have been exposed is indicated below to solve the dynamic pressure field in a dam-reservoir interaction problem. Fig. 8 presents the problem geometry and the prescribed boundary conditions. This example illustrates a step-by-step solution to the problem.
First Step-Discretization
Cutting the reservoir in three slices, we will have in addition to these-in which the boundary conditions and internal domain are highlighted in gray and blue, respectively-two others that will represent the free surface and rigid wall condition (Fig. 9) . In this example, each spreadsheet was taken with 10 × 20 dimension ( , x z ) and the dimension of each cavity was taken as being 5 × 10 ( , x z ).
Second Step-Boundary Conditions
Having established the number of longitudinal sections, we proceed with the filling of the boundary conditions on each worksheet.
Fluid-structure interface boundary condition is given by a combination of Eqs. (9) and (19). It follows for a given fictitious point at the domain:
where, P i,j,k is a fictitious point whose pressure is equal to point P i,j+2,k pressure plus an increment given by 2 uh
This technique is useful for application of the explicit scheme at , 1, i j k p  , which corresponds to the dynamic pressure at the fluid-structure interface. The value of 2 uh  is constant and, for our analysis, we take the term uh   as been equal to one. Therefore, in alternative form (with , 1, i j k p  acting as the fictitious term): 

. Thus, from Eq. (24) it follows:
Third Step-Application of the Stencil and Iterative Calculation Option
Before applying the operators on each worksheet, the iterative calculation must be enabled in the following sequence:
Excel options  Formulas  Enable iterative calculation  Select maximum number of iteractions. This is a critical step, because without it, excel [9] will display an error related to circular references.
Once all boundary conditions of all worksheets are filled, the application of the finite difference operator is done by taking each cell within the domain as the average of its six neighbor cells (right, left, above, below, posterior and anterior). This initial operation is designated as reference stencil on an arbitrary cell.
Fourth Step-Iteration Process and Problem Solution
At the final step the reference stencil is applied to the other cells on the domain. We proceed with the problem solution by "dragging" vertical and horizontally the filled cells until all the shaded parts in blue are fulfilled (Fig. 9 ). When this step is finished, the program automatically begins the iterative process that, generally, lasts a few seconds. At the end of the process the pressure in each point (cell) of the worksheet is shown. Fig. 10 presents the results achieved for the current example. 
Case Study-Confinement of Hydrodynamic Pressures
On Fig. 8, varying the ratio between the width of the resulting cavity (l) and the total width of the face of the dam (L) is an efficient mean for analysis of the influence of this cavity in the distribution of hydrodynamic pressures at the dam-reservoir interface.
These results are compared with those achieved for an unconfined cavity, as shown by Eq. (18). For this problem, however, five "slices" are taken instead of three, as done in the previous example. It should be noted that the "slices" count was made from top to bottom. That is, the fifth "slice" represents the bottom of the reservoir. Furthermore, the subsequent graphical analysis is taken in a dimensionless pressure form, which As can be seen from Figs. 11 and 12, the reduction of the dam's cavity causes an increase in the hydrodynamic pressures on its upstream face. Moreover, as might be expected, the pressures are larger in a direction towards the bottom of the reservoir. These results were post-processed using Golden Software Surfer program [10] .
To make clear the behavior of the dynamic pressure distribution along the fluid-structure interface, graphics relating the ratio y/H with the dimensionless pressure in two representative sections, being one at the center of the cavity and the other on its border, are shown in Figs. 13 and 14.
Conclusions
A simple and practical method was presented to evaluate the hydrodynamic pressures distribution along a fluid-structure interface considering different geometries of the domain, namely, the presence of cavities in the upstream face of the dam.
The major advantage of applying the finite difference method by using spreadsheets is to obtain the pressure values directly, without the need to solve a linear system of equations. This same procedure can be applied to a set of problems involving other boundary conditions. Moreover, since the pressures are obtained, it is easy handling such results to obtain graphs and/or surface representations, Refs. [10, 11] , which make easier the display and presentation of the results. It should be clear that the proposed procedure is an ideal introductory tool for young researchers working with finite differences schemes.
In the final part of this work, using the methodology developed so far, the authors presented a study on the influence of the presence of cavities in the distribution of hydrodynamic pressures in the face of the dam. Considering that the literature on the evaluation of hydrodynamic pressures on irregular domains is almost nonexistent, and that such cases are of great practical importance, these results become more important in the dam engineering context.
As it could be noted from surface graphs analyses, the reduction of the dam's cavity causes an increase in the hydrodynamic pressures on its upstream face. Furthermore, the pressures become larger as the "slices" approaches to the bottom of the reservoir. From the chart analysis that follows (Figs. 11 and 12) , we can conclude also that the greatest stresses which the floodgate is subjected are located in the "corners" right and left. Such fact occurs due to the presence of the two boundary conditions which characterize the confinement of the fluid.
